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Abstract Depending on the species, the end of Xower life
span is characterized by petal wilting or by abscission of
petals that are still fully turgid. Wilting at the end of petal
life is due to programmed cell death (PCD). It is not known
whether the abscission of turgid petals is preceded by PCD.
We studied some parameters that indicate PCD: chromatin
condensation, a decrease in nuclear diameter, DNA frag-
mentation, and DNA content per nucleus, using Prunus
yedoensis and Delphinium  belladonna which both show
abscission of turgid petals at the end of Xoral life. No DNA
degradation, no chromatin condensation, and no change in
nuclear volume was observed in P. yedoensis petals, prior
to abscission. In abscising D. belladonna petals, in contrast,
considerable DNA degradation was found, chromatin was
condensed and the nuclear volume considerably reduced.
Following abscission, the nuclear area in both species dras-
tically increased, and the chromatin became unevenly dis-
tributed. Similar chromatin changes were observed after
dehydration (24 h at 60°C) of petals severed at the time of
Xower opening, and in dehydrated petals of Ipomoea nil
and Petunia hybrida, severed at the time of Xower opening.
In these Xowers the petal life span is terminated by wilting
rather than abscission. It is concluded that the abscission of
turgid petals in D. belladonna was preceded by a number of
PCD indicators, whereas no such evidence for PCD was
found at the time of P. yedoensis petal abscission. Dehydra-
tion of the petal cells, after abscission, was associated with
a remarkable nuclear morphology which was also found in
younger petals subjected to dehydration. This nuclear mor-
phology has apparently not been described previously, for
any organism.
Keywords Abscission · DNA degradation · Flow 
cytometry · Petal senescence · Programmed cell death · 
Wilting
Abbreviations
DAPI 4,6-Diamidino-2-phenylindole
PCD Programmed cell death
Introduction
Floral life span depends on the fate of the petals. In several
species the end of Xoral life span is due to petal withering
or wilting. The petals in most of these species desiccate,
and Wnally abscise or fall due to growth of the fruit. Only in
a few species the desiccated petals remain attached to the
fruit. In another large group of species the end of Xoral life
span is determined by abscission of petals that are mostly or
fully turgid.
Wilting in petals, at the end of their lifespan, is due to a
series of highly regulated processes that lead to cell death,
thus is a form of programmed cell death (PCD; van Doorn
et al. 2003). Prior to visible PCD, many macromolecules in
the petal cells are degraded to molecules that are
suitable for phloem transport. These mobile molecules are
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transported to other parts of the plant (Winkenbach et al.
1970a, b). Typical for PCD in wilting petals is the disap-
pearance of most of the organelles and accumulation of
degrading enzymes in the vacuole. This is followed by rup-
ture of the vacuolar membrane, whereby several hydrolases
are released. Tonoplast rupture in numerous cells results in
their collapse, which is visible as wilting (Winkenbach
1970a, b; van Doorn et al. 2003). PCD in several plant parts
(Gunawardena et al. 2001; Wojciechowska and Olszewska
2003), including petals, is also usually accompanied by
DNA degradation (van der Kop et al. 2003; WagstaV et al.
2003; Yamada et al. 2006a, b) and chromatin condensation
(Yamada et al. 2006a, b).
It is not known if the abscission of turgid petals is pre-
ceded by cellular changes that are indicative of PCD. We
therefore investigated the time line of some of these
changes, in Prunus yedoensis and Delphinium belladonna.
In both species the petals abscise without any visible sign
of turgor loss. We used DNA degradation (measured both
on agarose gels and by using Xow cytometry), chromatin
condensation, and a decrease in nuclear diameter as param-
eters that indicate PCD. According to our hypothesis these
parameters would not detectably change, prior to petal
abscission.
Materials and methods
Plant material
Plants were grown in the garden of National Institute of
Floricultural Science of Japan (P. yedoensis cv. Someiy-
oshino) or the greenhouse of the institute (D. belladonna
cv. Bellamosum, Ipomoea nil cv. Violet, and Petunia hyb-
rida cv. Double Duo Pink). Just before the onset of Xower
opening, cut branches (P. yedoensis) or potted plants (the
other species) were transferred into a growth chamber at
24 § 1°C, about 70% relative humidity (RH), and 12 h of
daily illumination from cool-white Xuorescent lights
(100 mol m¡2 s¡1). The time to petal abscission and petal
desiccation was observed daily, on plant material in the
growth chamber. The timing of these symptoms was noted
in six Xowers from two plants. All determinations were
made using petals that were collected from plant material in
the chamber.
DNA degradation
DNA breakdown was detected by agarose gel analysis.
Total DNA was extracted according to Yamada et al.
(2003). The amount of DNA was estimated by molecular
absorption spectrophotometry. Equal amounts of total DNA
(3 g) were immediately electrophoresed in a gel contain-
ing 3% agarose and stained with SYBR Gold nucleic acid
gel stain (Molecular Probes, Eugene, OR, USA). The gel
pattern was photographed, using an electronic UV transillu-
minator system (model FAS-III mini + DS-30; Toyobo,
Tokyo, Japan). The DNA degradation index was calculated
according to Yamada et al. (2006b).
Two biological replications, each containing several pet-
als, were used for each stage of development. Depending
on the species, two to several petals were used in each sam-
ple.
Flow cytometry
The petal was chopped in nuclear extraction buVer, part of
the kit (High Resolution kit) for plant DNA analysis (Par-
tec, Münster, Germany), a reagent set provided by the man-
ufacturer of the Xow cytometer used (Ploidy Analyzer,
Partec). The extraction buVer in this kit was a low pH solu-
tion containing Triton X-100. The extract was Wltered
through 50 m nylon mesh. The medium with the isolated
DNA masses (nuclei) was collected, the buVer with the
Xuorescent DNA stain 4, 6-diamidino-2-phenylindole
(DAPI) from a standard reagent set (Partec) was added, and
the solution was vortex mixed. The DNA content of the iso-
lated nuclei was analysed using the Xow cytometer. The
Xow cytometer apparatus can be set to count all nuclei in a
sample, and can be set to analyse a Wxed number of nuclei.
We here set it to detect 5,000 nuclei. DNA levels were
obtained in a total of 5,000 nuclei. It should be noted that
the large histogram peak was adjusted to 10 on the Xuores-
cence scale. This means that nuclear condensation was not
taken into account in the Xow cytometry data.
Two biological replications, each containing several pet-
als, were used for each stage of development. Depending
on the species, three to several petals were used in each
sample. In each species, the number of petals was the same
at all stages of development.
Nuclear morphology; chromatin condensation
Nuclei were isolated from petals in the same way as for
Xow cytometry. Isolated nuclei were stained with DAPI,
which stains DNA. The nuclei were observed under a Xuo-
rescence microscope (model PROVIS AX70, Olympus,
Tokyo, Japan) using U-excitation (330–385 nm). Digital
photography of nuclei was obtained for each stain using
low light cool CCD camera (model DP30BW, Olympus).
Dehydration and ethylene treatment
Flowers were excised when the petals were fully open. Cut
Xowers were placed in air in the growth chamber (24°C,
about 70% RH) or in a desiccator (at 60°C). For ethylenePlanta (2007) 226:1195–1205 1197
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treatments, stems of cut Xowers were placed in sterile dis-
tilled water, in a closed 70 l clear plastic box containing
2 l/l ethylene. Petal abscission was checked at hourly
intervals and abscised petals were collected immediately.
The petals were then used instantly for the measurement of
the various parameters mentioned.
Statistics
The number of replications is mentioned in the text and/or
in the Wgure legends. Statistical analysis used one way anal-
ysis of variance, at P < 0.05. All experiments were repeated
at least once.
Results
Symptoms of petal life span cessation
P. yedoensis Xowers have Wve pale pink petals. After Xower
opening the petals remained attached to the Xower for about
4 days, and then fell without visible wilting (Fig. 1a, P2).
During the Wrst day following abscission, petals that were
held at 24°C and 70% RH changed colour from pale pink to
darker pink, and subsequently became inWltrated with liq-
uid (results not shown). By the end of the Wrst day follow-
ing abscission, the petals started to shrivel at their margins
(Fig. 1a, P3). By the end of the second day after abscission
the petals had much more decreased in size (Fig. 1a, P4).
The stages 2–4 (pictures P2–P4) in Fig. 1a use the same
scale thus show the decrease in petal size.
Flowers of Delphinium species contain Wve petals one of
which has a large spur. The petals of D. belladonna fell
about 7 days after Xower opening (Fig. 1b, D2). They did
not show any visible wilting symptom by the time of
abscission. Two days after abscission the petals had slightly
shrivelled (Fig. 1b, D3) but by day-3 after abscission the
shrivelling had become very clear (Fig. 1b, D4). The stages
2–4 (pictures D2–D4) in Fig. 1b have the same scale.
DNA degradation
Figure 2 shows the petal DNA agarose gels of one of two
repeat experiments. The pixel ratios under the lanes are the
means of two experiments. In both species, the agarose
gels showed no DNA fragments at the time of Xower open-
ing (Fig. 2, lanes P1 and D1). By the time of abscission,
the petals of P. yedoensis did not show a statistically
signiWcant (P < 0.05) increase in DNA fragmentation,
compared with the time of Xoral opening (Fig. 2, lane P2).
In contrast, the petals of D. belladonna showed a consider-
able increase in DNA fragmentation by the time of abscis-
sion (Fig. 2b, lane D2, pixel intensity had increased from
4.3 to 17.4). Following petal abscission the degree of DNA
fragmentation, as observed on agarose gels, increased in
P. yedoensis (Fig. 2a, compare lane P3 with lane P2) and
further increased in D. belladonna (Fig. 2b, compare lane
D3 with lane D2). By the time of petal desiccation (P4 and
D4) the amount of fragmented DNA had become consider-
ably lower than at the previous stage investigated, when
the abscised petal showed visible wilting and dehydration
(Fig. 2).
Fig. 1 Petal abscission and pet-
al dehydration in P. yedoensis, 
indicated by a P (a) and 
D. belladonna, indicated D (b). 
Cut branches of (P. yedoensis) 
and potted plants (D. bella-
donna) stood in a growth cham-
ber (24°C, about 70% RH). The 
time to abscission and to 
dehydration symptoms (in days 
from full Xower opening) is 
shown in the left lower corner of 
the pictures (n = 6). Stages P1 
and D1: full Xower opening; P2 
and D2, petal abscission; P3 and 
D3, petals visibly dehydrated; 
P4 and D4, petals desiccated. All 
pictures have the same scale 
(bars = 10 mm)1198 Planta (2007) 226:1195–1205
123
Nuclear morphology
In P. yedoensis petals the nuclear morphology had not
clearly changed by the time of petal abscission (Fig. 3a).
This is in contrast with D. belladonna where visual
inspection showed that the nucleus was much smaller by
the time of abscission, compared with the size observed at
Xower opening. The small nuclei of D. belladonna
showed brighter DAPI Xuorescence than the nuclei at
Xower opening. This indicates a high concentration of
DNA per unit volume, thus chromatin condensation
(Fig. 3b, D2). Nuclear morphology was studied using
light microscopy, giving a two-dimensional impression
only. For this reason nuclear size will be referred to as
nuclear area.
After abscission, during the period of dehydration, the
nuclei of both species showed an increase in area
(Fig. 3) In P. yedoensis the nuclear area at stage P4
seemed even considerably larger than that at Xoral open-
ing (Fig. 3a). In D. belladonna the nuclear area was
apparently similar at D4 compared to the stage of Xoral
opening (D1), but it was ostensibly much larger com-
pared with the area at the stage of petal abscission (P2;
Fig. 3b). In both species the nuclear periphery was no
longer smooth at stage P4 or D4 (Fig. 3). In both species
investigated, numerous nuclei showed the morphology
shown in Fig. 3, stages P4 and D4. The area of the
remaining nuclei did not increase as much, whilst a few
nuclei had not changed in nuclear area with respect to
controls at Xower opening.
Flow cytometry of nuclei at various stages prior to and after 
abscission
Flow cytometry of nuclei stained for DNA (with DAPI)
shows the distribution of nuclei in Xuorescence classes. The
X-axis in Fig. 4 is divided in numerous classes of increasing
Xuorescence, and the Y-axis shows the number of nuclei per
Xuorescence class. Flow cytometry of 5.000 petal nuclei at
the time of P. yedoensis Xower opening showed a peak of
nuclei at phase G0/G1 (which was set at 101 on the arbitrary
logarithmic scale of the X-axis), and no mitotic nuclei (G2/
M), which have a Xuorescence about two times that of nor-
mal G0/G1 nuclei. By the time of petal abscission, no
change had occurred in the DNA Xuorescence histogram
(Fig. 4a, P2). Two days after abscission, the height of the
G0/G1 peak had diminished but the peak had not shifted.
This is shown by mixing nuclei from day-0 to -6 (Fig. 4a,
P1 + P4). The data suggest that a small amount of DNA had
become degraded by day-2 after abscission.
By the time of petal abscission in D. belladonna, Xow
cytometry revealed a decrease in the height of the G0/G1
phase nuclei, and several nuclei with a Xuorescence less
than that of G0/G1 phase nuclei (Fig. 4b, D2). During the
3 days following abscission the G0/G1 peak height further
decreased and the number of nuclei with Xuorescence lower
than G0/G1 further increased. No clear shift in the G0/G1
peak was observed: a mix of nuclei at day-0 and -10 did not
result in a bimodal curve (Fig. 4b, D1 + D4). The results
indicate extensive DNA degradation, before, during, and
after abscission.
Fig. 2 Agarose gel analysis of 
total DNA isolated from the 
petals of P. yedoensis, annotated 
as P (a) and D. belladonna, 
annotated as D (b). 3 g of total 
DNA was extracted from the 
petals and electrophoresed in a 
3% agarose gel. Lanes P1–P4 
and SD1–SD4 refer to DNA 
isolated from petals at stages 
P1–P4 and D1–D4 as shown in 
Fig. 1. Stages P1 and D1: full 
Xower opening; P2 and D2, petal 
abscission; P3 and D3, petals 
visibly dehydrated; P4 and D4, 
petals desiccated. Pixel ratios 
below the lanes are means of two 
repeat experimentsPlanta (2007) 226:1195–1205 1199
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Fig. 3 Morphology of DAPI-stained nuclei in the petals of P. yedoen-
sis, indicated by a P (a) and D. belladonna, indicated D (b). Two rep-
resentative nuclei (-1 and -2) are shown at each stage of development.
Nuclei were isolated from the petals and observed using a Xuorescence
microscope under U-excitation. Bars: 5 m (a) or 15 m (b). Stages as
in Fig 1. P1 and D1 1: full Xower opening; P2 and D2, petal abscission;
P3 and D3, petals visibly dehydrated; P4 and D4, petals desiccated
Fig. 4 Fluorescence of DAPI-
stained nuclei. Histograms were 
obtained by Xow cytometry of 
5,000 nuclei isolated from the 
petals of P. yedoensis (indicated 
by a P) as shown in a, and petals 
of D. belladonna (D) shown in 
b. Petals were severed from cut 
twigs placed in water (Prunus) 
or potted plants (Delphinium), 
which stood both in a growth 
chamber (24°C, about 70% RH). 
Stages as in Fig. 1. P1 and D1: 
full Xower opening; P2 and D2, 
petal abscission; P3 and D3, pet-
als visibly dehydrated; P4 and 
D4, petals desiccated1200 Planta (2007) 226:1195–1205
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EVects of ethylene
Ethylene treatment greatly hastened the time to petal abscis-
sion, in both species (Fig. 5a, compared with Fig. 1a). In both
species, the rate of petal dehydration after abscission was not
much aVected by the ethylene treatment (Fig. 5a) compared
with the control without ethylene (Fig. 1a). For example,
3 days after petal fall in D. belladonna the petals had exten-
sively shrivelled, independent of the time of petal fall (day-7
in controls and day-2 in ethylene-treated Xowers).
In both species, Xow cytometry revealed no eVect of eth-
ylene treatment on DNA Xuorescence at the time of petal
fall, compared to the Xuorescence at the time of Xower
opening (Fig. 5b). After petal fall, a clear shift to lower
DNA Xuorescence of the G0/G1 peak of Xuorescence was
observed in P. yedoensis (Fig. 5b, upper sequence), which
was not found in controls without ethylene treatment
(Fig. 4, upper sequence). A small shift to lower DNA Xuo-
rescence (Fig. 5b, lower sequence), also not found in con-
trols (Fig. 4 lower sequence), was also observed after
ethylene treatment of D. belladonna. Superimposition of
the stages P1 and EP4 (control and ethylene-treated stage 4
of P. yedoensis) showed two peaks of DNA Xuorescence
(Fig. 5b, upper sequence). A similar tendency was observed
Fig. 5 EVect of ethylene on pet-
al abscission and DNA Xuores-
cence of nuclei in the petals of 
P. yedoensis and D. belladonna. 
Time to petal abscission and pet-
al dehydration symptoms (a) and 
Xow cytometric determination of 
5,000 DAPI-stained nuclei (b) of 
ethylene-treated branches of P. 
yedoensis and potted plants of D. 
belladonna. Ethylene treatment 
is annotated by E. Compare stag-
es of development with untreat-
ed controls shown in Fig. 1, and 
with Xuorescence data of con-
trols in Fig.4. The left lower cor-
ner of the pictures series a show 
the times to abscission (EP2 and 
ED2) and the time to dehydra-
tion symptoms (both expressed 
in days from full Xower opening; 
n = 6). Stages P1 and D1: full 
Xower opening; EP2 and ED2, 
petal abscission; EP3 and ED3, 
onset of petal dehydration; EP4 
and ED4, petals desiccated. All 
pictures have the same scale 
(bars = 10 mm)Planta (2007) 226:1195–1205 1201
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by superimposing the stages D1 and ED3 (Fig. 5b, lower
sequence).
Dehydration of petals cut at Xower opening
Flowers were harvested just after opening and subjected to
a dehydration treatment at 60°C for 24 h. The treatment
resulted in a petal FW of about 20% of that of controls. Pre-
liminary experiments showed that such a treatment resulted
in a decrease of FW, and in changes of other parameters
such as DNA degradation and nuclear morphology, that
were very similar to dehydration on the laboratory bench
(about 20°C and 70% RH) for about 96 h.
Treatment of P. yedoensis  Xowers at 60°C for 24 h
(Fig. 6a, DP) resulted in a slight increase in petal DNA deg-
radation, as shown on agarose gel (Fig. 6b, DP). In contrast,
this treatment induced a large increase in DNA degradation
in D. belladonna petals (Fig. 6b, DD).
The dehydration treatment also had a small eVect on
DNA  Xuorescence of nuclei from P. yedoensis petals
Fig. 6 EVect of dehydration on 
DNA degradation, DNA Xuores-
cence of nuclei, and nuclear 
morphology in the petals of 
P. yedoensis (P) and D. bella-
donna (D). Dehydration in the 
two species is indicated as DP 
and DD, respectively. a Flower 
morphology before (P1 and D1) 
and after (DP and DD) dehydra-
tion at 60°C for 24 h. Photo-
graphs show small branches 
with fully opened Xowers and 
desiccated Xowers of P. yedoen-
sis (P1 and DP) and the same for 
individual Xowers of D. bella-
donna (D1 and DD). All pictures 
have the same scale 
(bars = 10 mm). b Agarose gel 
analysis of total DNA isolated 
from the petals. c Flow cytomet-
ric determination of nuclei iso-
lated from the petals. d 
Morphology of nuclei in the pet-
als. Two representative nuclei (-
1 and -2) are shown for each spe-
cies, after the dehydration treat-
ment (DP and DD). Bars = 5 m 
(P1 and DP) or 15 m (D1 and 
DD)1202 Planta (2007) 226:1195–1205
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(Fig. 6c). Superimposition of the nuclei prior to and after
treatment showed no shift to lower DNA Xuorescence
(Fig. 6c, P1 + DP). In D. belladonna, the dehydration treat-
ment resulted in lower G0/G1 DNA Xuorescence, and many
nuclei with a lower than G0/G1 Xuorescence (Fig. 6c).
Superposition of the treatment and the control showed no
shift of the G0/G1 peak of DNA Xuorescence (Fig. 6c,
D1 + DD).
Following the dehydration treatment, the nuclei of P.
yedoensis had apparently somewhat increased in area, but
no clear increase in nuclear area was discernable in D. bel-
ladonna (Fig. 6d). The chromatin distribution in the nuclei,
after the dehydration treatment (Fig. 6d) was similar to that
after dehydration due to abscission (Fig. 3). Visual inspec-
tion indicated that about 80% of all nuclei had the morphol-
ogy shown in Fig. 6c, d. The area of the remaining nuclei
had not as much increased.
Dehydration of petals in species that show petal wilting 
(Ipomoea and Petunia)
Similar dehydration treatments (60°C for 24 h) were car-
ried out with I. nil and Petunia hybrida, species in which
the petals wilt by the end of Xower life span. Wilting is
shown as inrolling in I. nil, which occurs at about 12 h after
Xower opening, in plants held at 24°C (Fig. 7a). Wilting is
observed after 7 days at 24°C in Xowers attached to P. hyb-
rida plants (Fig. 7a).
Flowers were detached from potted plants, just after full
opening. Fig. 7b shows considerable DNA fragmentation
on agarose gels, after the dehydration treatment (60°C for
24 h), in both species tested. Flow cytometry of Ipomoea
petals held at 60°C for 24 h showed a large decrease in
DNA Xuorescence, compared to controls of Ipomoea (Ip)
before desiccation (Fig. 7c, compare DIp with Ip, whereby
D means dehydrated). Fig. 7d shows that DNA degradation
was also found in Petunia (Pe). Superimposition of the
Xuorescence in controls and the treated samples showed
two peaks (Fig. 7c, d).
The morphology of DAPI-stained nuclei of I. nil and P.
hybrida, after petal desiccation at 60°C for 24 h, is shown in
Fig. 8. Compared to nuclei of petals in Xowers that had just
fully opened (two panels upper left), relatively large parts
not stained with DAPI were observed (two panels upper
right). In I. nil the nuclear area had not become clearly
increased, compared to those in petals that had not been des-
iccated (Fig. 8a), but inXated nuclei were observed in P.
hybrida (Fig. 8b). Visual inspection indicated that about
80% of all nuclei showed the morphology shown in Fig. 8b.
The area of the remaining nuclei had not as much increased.
Both in I. nil (Fig. 8a, S1–S4) and in P. hybrida (Fig. 8b,
S1–S4) the nuclear morphology after the dehydration
Fig. 7 EVect of dehydration on 
fresh weight, DNA degradation, 
and DNA Xuorescence of nuclei 
in the petals of I. nil and P. hyb-
rida. Potted plants were grown 
in a greenhouse and then placed 
in a climate-controlled chamber 
(24°C, about 70% RH). Petals 
were detached from Xowers that 
had just opened, and were placed 
at 60°C for 24 h to dehydrate. In 
a the time until about half of 
each petal had wilted (in days 
from full Xower opening; n =6 )  
is shown in the left lower corner 
of the pictures. a Morphology of 
the Xowers, at opening (left) and 
at petal wilting (right). All pic-
tures have the same scale 
(bars = 10 mm). b Agarose gel 
analysis of total DNA isolated 
from the petals. c, d Flow cyto-
metric determination of 5,000 
DAPI-stained nuclei isolated 
from the petals of I. nil (c) and 
P. hybrida (d). Ip, Ipomoea; Pe, 
Petunia, D, dehydrationPlanta (2007) 226:1195–1205 1203
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treatment was quite diVerent from the one observed during
normal PCD. During PCD of petals that remained attached
to the plant the area of the nuclei became increasingly
smaller, whereas the brightness of DNA Xuorescence
remained high at least until the nuclei had become quite
small.
Discussion
In reports on animal cells the suggestion that PCD occurs is
usually backed up by showing changes such as phosphati-
dylserine externalization to the outer leaXet of the plasma
membrane, caspase activation, and DNA degradation. Only
the addition of a number of such parameters seems indica-
tive of PCD. In the present study we took massive DNA
degradation (measured in two ways), chromatin condensa-
tion, and a decrease in nuclear diameter as indicators of
PCD. In other studies on petal PCD, it was shown that these
parameters were each correlated with other indicators of
PCD and also correlated with visible PCD symptoms such
as petal wilting (Yamada et al. 2003, 2006a, b). We there-
fore suggest that these parameters, which separately repre-
sent only circumstantial evidence for PCD, are, when
occurring together, adequate to indicate PCD.
We hypothesized that PCD parameters will not show in
petal cells, prior to the abscission of turgid petals. The
results of D. belladonna petals contradict the hypothesis,
while those of P. yedoensis are in agreement with it. The
data suggest that the degree of PCD, prior to abscission of
turgid petals, depends on the species. The present data indi-
cate that abscission of fully turgid petals may coincide with
Fig. 8 EVect of dehydration on nuclear morphology in the petals of
I.n i l  and P. hybrida. Nuclei were isolated from the petals of I. nil (a)
and P. hybrida (b) after the indicated treatments, then observed using
a Xuorescence microscope under U-excitation. For comparison, the
nuclei are shown during PCD of petals that remained attached to the
plant (for data of Ipomoea and Petunia see also Yamada et al. 2006a,
b). Stage S1: full Xower opening; S2: onset of petal wilting; S3: full
petal wilting; and S4: petals desiccated but still attached to the Xower.
Bars = 10 (m1204 Planta (2007) 226:1195–1205
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an advanced stage of PCD in many petal cells. The absence
of visible wilting in abscising petals, therefore, does not
seem to show absence of PCD. This is so because the wilt-
ing that is often associated with PCD is quite a late stage in
the PCD process.
In petals the timing of PCD and that of abscission may
be regulated independently. Independent regulation would
explain the large variation of their relative timing, among
the Angiosperms. In many species PCD comes much earlier
than abscission (species showing petal wilting at the end of
Xoral life), whereas in other species abscission comes Wrst.
In most species in which Xoral life span is ended by petal
wilting, the petals eventually abscise, even when most of
the petal surface has become desiccated. In these species
the petal base, where abscission takes place, remains alive.
Only in a few species fully desiccated petals are torn-oV by
the growing fruit, or (in still other species) remain attached
to the fruit (van Doorn and Stead 1997; van Doorn 2001).
The agarose gel data (Fig. 2) showed substantial DNA
degradation prior to and during abscission in D. belladonna
and less DNA degradation prior to and during petal fall in
P. yedoensis. Flow cytometry data (Fig. 4) conWrmed the
agarose gel data. DNA degradation seems a relatively late
PCD process. Mass protein degradation, a late process, may
serve as a yardstick. In Ipomoea petals, bulk degradation of
proteins and DNA occurred at about the same time (Win-
kenbach 1970a, b). In Iris petals, 40% of total DNA had
become degraded (van der Kop et al. 2003) by the time of
the onset of mass protein degradation (Pak and van Doorn
2005). In Alstroemeria petals DNA breakdown (WagstaV
et al. 2003) started slightly before the decrease in protein
content (WagstaV et al. 2002).
When using agarose gels to show DNA breakdown dur-
ing PCD, a ladder of DNA fragments is often observed, at
least in association with apoptosis in animal cells. DNA
laddering on gels is the result of oligonucleosomal cleav-
age, resulting in DNA sequences of multiples of about
180 bp. In contrast to apoptosis in animal cells, the DNA
breakdown pattern during plant PCD is quite variable and
depends on the system. For example, during petal PCD
clear DNA laddering without a background of DNA frag-
ments of various lengths is rarely found. Most reports show
DNA laddering against a background of fragments of vari-
ous lengths (Orzáez and Granell 1997; WagstaV et al. 2003;
Yamada et al. 2003) or only fragments of various lengths
(van der Kop et al. 2003). The present results fall in the last
category.
Nuclear morphology at the time of petal abscission also
suggested advanced PCD in the petal cells of D. belladonna
and little PCD in those of P. yedoensis. The nuclei of D.
belladonna were much smaller and showed bright DAPI
Xuorescence, indicating chromatin condensation. No
chromatin condensation was observed in P. yedoensis
petals, but here it might possibly have occurred between the
stages P2 and P3 and therefore may have been missed. We
found that most but not all nuclei underwent the changes
shown at the stages 2–4 of Fig. 3. The diVerence might
relate to diVerences in PCD progress, within the petal. It is
known that cells associated with the vascular bundle
undergo PCD at a later stage than the other petal cells. In
some species the mesophyll cells also show earlier PCD
than the epidermis cells (van Doorn et al. 2003).
Little is known about the physiology of petal cells, after
abscission. The cells of abscised petals, as long as they
remain alive, will be subject to a considerable decrease in
water potential. Using young detached corollas (petals) of
Ipomoea Xowers, we observed that FW was about 65% of
initial after 24 h on the laboratory bench (at about 20°C and
70% RH) and 50% of initial after 48 h (unpublished data).
This indicated that some physiological processes would
occur at least during day-1 and -2, but that these processes
would be inXuenced by lower water potential.
Both agarose gel (Fig. 2, P3 and D3) and Xow cytometry
analysis (Fig. 4) showed DNA degradation after the petals
had abscised. The data indicate that the PCD process, once
started, goes on even under conditions of increasing water
stress. However, by the time of total desiccation of the pet-
als, the amount of degraded DNA on gels was smaller than
at the time of visible petal wilting of the abscised petals
(Fig. 2, P4 and D4). This indicated that the DNA break-
down became halted by that time. This could be due to the
fact that there was no more DNA, or might relate to the
very low water potential in the tissue.
After petal abscission, the petal nuclei unexpectedly
increased in size. In both species the chromatin became
unevenly distributed. The chromatin became also much less
condensed, as indicated by decreasing DAPI brightness.
The increase in nuclear size and uneven and reduced DAPI
brightness were also observed after dehydration of young
D. belladonna and P. yedoensis petals. In these experiments
Xowers were cut from the plant just after Xoral opening and
then subjected to a desiccation treatment (24 h at 60°C).
This treatment, apart from inducing dehydration, also
involved an increase in temperature. The eVects did not
seem to be due to high temperature though, as preliminary
experiments had shown that 72–96 h desiccation at room
temperature had the same eVects as 24 h treatment at 60°C.
This indicates that the eVect was due to dehydration rather
than high temperature, and that it was not only taking place
in cells that were relatively old, but also in much younger
cells.
I. nil and P. hybrida Xowers both exhibit petal wilting
rather than abscission at the end of Xoral life span. An
increase in nuclear volume and a decrease in DAPI bright-
ness were also found in the nuclei, if the Xowers of these
species were severed when just fully open and then subjectionPlanta (2007) 226:1195–1205 1205
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to a 24 h 60°C desiccation treatment. Preliminary experi-
ments with these species had also shown that 72–96 h des-
iccation at room temperature had the same eVects as 24 h
treatment at 60°C. These results indicate that the particular
nuclear morphology observed after dehydration in P. yedo-
ensis and D. belladonna is also found in the petals of other
species, which show petal wilting rather than petal abscis-
sion at the end of Xower life. The particular nuclear mor-
phology, therefore, seemed related to the low water
potential as a result of the dehydration treatment. After the
dehydration treatment in I. nil or P. hybrida the nuclear
morphology was quite diVerent from the one observed dur-
ing wilting as the Wnal phase of PCD. At the time of the
normal senescence-related petal wilting in Ipomoea
(Yamada et al. 2006b) and Petunia (Yamada et al. 2006a)
Xowers, the nuclei had become much smaller than at previ-
ous phases of development, and had a rather bright DAPI
Xuorescence. The desiccation treatment, therefore, induced
changes quite diVerent from those observed during PCD: a
large nucleus with faint DAPI Xuorescence rather than a
small one with bright Xuorescence.
It is concluded that the tested parameters indicated
advanced stages of PCD prior to petal abscission in D. bel-
ladonna whereas PCD was much less obvious by the time
of petal abscission in P. yedoensis. Dehydration of the petal
cells, after abscission, was associated with a remarkable
change in nuclear morphology and chromatin distribution.
Similar changes in the nucleus were found after dehydra-
tion of younger petal cells, and after dehydration of the
petal cells in two other species. This nuclear morphology
has apparently not been described previously.
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